-permeable AMPAtype Glu receptors (GluAs) are essential for formation of a photosensitive organ, development of some neurons, and metamorphosis, including tail absorption and body axis rotation, in ascidian embryos. Based on findings in these embryos and mammalian brains, we formed several hypotheses regarding the evolution of GluAs, the non-synaptic function of Glu, the origin of GluA-positive neurons, and the neuronal network that controls metamorphosis in ascidians.
Introduction
Glutamate (Glu), which was first suggested to be a neurotransmitter by Hayashi, [1] is a major excitatory neurotransmitter in the central nervous system (CNS) and mediates brain functioning in normal and diseased states. [2] Functional regulation of Glu receptors (GluRs) induces synaptic plasticity by facilitating adaptive changes in response to environmental stimuli. [3] GluRs function in most cases of observed excitatory transmission in the mammalian CNS and are divided into two distinct categories: ionotropic and metabotropic receptors. Ionotropic GluRs (iGluRs) are further subdivided into four categories: α-amino-3-hydroxy-5-methyl-4-isoxazolepropionate (AMPA) receptors (AMPARs, also known as GluAs), kainate receptors (KARs), N-methyl-D-aspartate (NMDA) receptors (NMDARs), and delta receptors. [4, 5] Binding of Glu to GluAs mediates rapid moment-to-moment transmission of excitatory signals in the mammalian CNS.
Although the role of Glu signaling in synaptic mechanisms of the mammalian CNS has been extensively investigated, [3] it is unclear how this signaling functions in development. In mammals, GluAs are tetramers consisting of the subunits GluA1-4. It is difficult to artificially control the expression of GluAs in mammalian brains because they comprise multiple subunits. GluAs are not exclusively expressed in mature neurons but are also expressed in their progenitor cells and in non-neuronal cells. On the other hand, Okamura et al. [6] estimated that only one GluA subunit is expressed in the ascidian Ciona, indicating that it is easier to artificially control GluAs in these organisms than in mammals. Taking advantage of the simplicity of ascidians as model animals, Hirai et al. [7] discovered the significance of GluAs in development ( Figure 1 ). Ascidians have a notochord and exhibit neural induction, [8, 9] and are therefore a prototype of vertebrate embryos. [10] [11] [12] We have made various novel discoveries regarding GluAs, which might provide insight into their functions in vertebrates. First, GluAs are either Ca 2þ -permeable or -impermeable according to their subunit composition in mammals, while all GluAs are Ca 2þ -permeable in Ciona because they consist of only Q-type subunits, which form Ca 2þ -permeable channels. [7] Second, we found that GluAs are expressed in a limited subset of cells, [7] including those in the photoreceptive anlage, during early development in Ciona, whereas they are expressed in most neurons in the mammalian CNS. [13] Ascidian tadpoles have an otolith and ocellus to sense gravity and light, respectively. Such sensation is fundamental for life in Ciona. Third, knockdown and dominant-negative experiments revealed that GluAs are essential for development of the ocellus. Fourth, GluAs are required for tail absorption and body axis rotation during metamorphosis. Our study was the first demonstration that GluAs are required for organogenesis and morphogenesis in vivo. [7] Our results raise several questions and open up new lines of research. This review focuses on two major aspects of GluAs.
In the first part, we discuss how GluAs differ between vertebrates and invertebrate chordates as well as the evolution of their functions, with a focus on multiple questions. We discuss mRNA editing of GluAs and its contribution to higher brain function. Ascidians only express Ca 2þ -permeable GluAs (CP-GluAs), while mammals also express Ca 2þ -impermeable GluAs (CI-GluAs). What is the evolutionary significance of this difference? GluAs function in both synaptic and non-synaptic signaling. How do GluAs function in organogenesis via a non-synaptic mechanism? We discuss the evolutionary context of the restricted expression of GluAs in Ciona embryos. Why is expression of GluAs restricted to a small subset of neurons in the ascidian CNS, while they are expressed in most neurons in the mammalian CNS?
In the second part, we discuss the contribution of GluAs to ascidian development and ponder several questions. Ascidian sensory organ maturation requires GluAs. We hypothesize that maturation of photoreceptor cells requires the channel properties of GluAs. Furthermore, we discuss the evolutionary origin of ciGluA-positive neurons. We propose that the primitive role of GluAs was to promote terminal differentiation of progenitor cells into photoreceptor cells.
Finally, we focus on the role of ciGluA-positive nonphotoreceptor cells in tail absorption during metamorphosis by discussing which neuronal network controls metamorphosis.
Evolution of the Functions and Expression Patterns of GluAs

mRNA Editing of GluAs and Its Contribution to Higher Brain Function
Various post-transcriptional and post-translational modifications increase the molecular diversity of iGluRs. One of the most characteristic modifications of GluAs is a type of RNA editing in GluA2 called Q/R editing, which is mediated by adenosine deaminase acting on RNA 2 (ADAR2) (Figure 2A ). ADAR2 exchanges adenosine (A) for inosine (I) in many types of premessenger RNAs. This modification changes Glu to Arg in the Q/R editing site of GluA2, which is located in the ion flux region within the channel pore. [14, 15] Such Q/R editing leads to the generation of both CP-GluAs and CI-GluAs in mammals. [16] [17] [18] Of the four GluA subunits in mammals, only GluA2 can be edited, and approximately 100% of channels are edited by Figure 1 . GluAs are essential for metamorphosis and formation of the photoreceptive organ in ascidians. A) GluAs can mediate ion flux in ascidians. Knockdown (B: Case 01) and mutation (B: Case 02, which changes Q-type subunits into R-type subunits) of GluAs prevent ion flux, which impairs formation of the ocellus, a photoreceptive organ, development of GluA-positive neurons, and metamorphosis, including tail resorption and body axis rotation.
www.advancedsciencenews.com www.bioessays-journal.com Figure 2 . Comparison of GluAs between Ciona and other animals. A) Glu activates both ionotropic and metabotropic receptors. There are four subclasses of iGluRs, which are named after their other selective agonists (AMPA, NMDA, kainite, and delta). Four GluA subunits (GluA1-4) have been identified in mammals. Tetramers containing various combinations of these subunits form. There are two types of GluAs in vertebrates: CP-GluAs and CI-GluAs. The difference in Ca 2þ permeability is caused by a single base substitution in the GluA2 subunit, called Q/R editing. In adult mammalian brains, almost all GluAs contain the R-type GluA2 subunit and thus are Ca 2þ -impermeable. GluAs mediate influx of K þ , Na þ , and sometimes Ca 2þ in response to binding of Glu and are involved in fast synaptic transmission in the CNS. B) In vertebrates, the R-type GluA2 subunit is generated by Q/R editing or is encoded by the genome. GluAs containing these R-type subunits form Ca 2þ -impermeable receptors. Both types of R-type subunits emerged after whole-genome duplication. Our experiments suggest that ascidians are the most advanced creatures with only Q-type GluAs. C) A palindromic sequence is required for editing by ADAR2. The RNAfold program was used to predict the mRNA secondary structures with the lowest amounts of free energy. Arrows indicate the locations of RNA editing. The Q/R editing site is present in a single loop in Ciona, but in a palindrome in rats (black arrows).
birth. [19] [20] [21] All GluAs containing edited R-type GluA2 are Ca 2þ -impermeable. [21, 22] The efficiency of Q/R editing is decreased in amyotrophic lateral sclerosis (ALS) patients, which leads to increased Ca 2þ influx into motor neurons and cell impairment. [23, 24] Q/R editing is also reported to be less efficient in patients with ischemia and drug addiction. [25, 26] Transgenic mice in which Q/R editing is inhibited only ever express CPGluAs and die 1-2 weeks after birth due to epilepsy caused by excessive Ca 2þ influx. [27] These findings indicate that R-type GluAs are crucial for the survival of mammals. On the other hand, we demonstrated that Ciona only expresses CP-GluAs throughout life due to a lack of Q/R editing. This indicates that another mechanism regulates the level of Ca 2þ influx in Ciona, for example, a reduction in the number of GluAs inserted in the cell membrane or modulation of the channel properties of GluAs (Figure 2A, B) . [7] We also checked the Q/R editing status in the amphioxus Branchiostoma floridae, which is a chordate similar to ascidians (Hirai et al., unpublished data) . Similar to Ciona, adult B. floridae appear to only express homomultimers of GluAs composed of unedited Q-type subunits ( Fig. 2A and B) . R-type subunits are encoded in the genomes of some fish, including zebrafish, which enables the formation of CP-GluAs and CIGluAs without Q/R editing ( Figure 2B ). By contrast, Q/R editing occurs in mammals and sharks. In addition to our findings, the lack of R-type GluAs in invertebrates was previously reported. [28] CI-GluAs likely arose after two rounds of whole-genome duplication ( Figure 2B ).
The emergence of CI-GluAs may have led to two types of synaptic plasticity in vertebrates, namely, Hebbian and homeostatic synaptic plasticity ( Figure 3) . Hebbian synaptic plasticity Figure 3 . CP-GluAs and CI-GluAs are essential for safe and efficient synaptic scaling in vertebrates. A) Substitution of CP-GluAs and CI-GluAs is essential for synaptic plasticity in mammals, including LTP and synaptic scaling, which is thought to underlie learning and memory. When LTP is induced, CPGluAs preferentially move from the Golgi and are inserted into the postsynaptic membrane in response to Ca 2þ influx, leading to formation of a synapse that can fire rapidly and easily. During the late phase of LTP, the inserted CP-GluAs are replaced by CI-GluAs. This is not only crucial for higher learning and memory in mammals, but also for protecting cells against excessive Ca 2þ influx mediated by CP-GluAs. B) Ascidians only express CP-GluAs, and GluAs must therefore be removed after induction of LTP to protect neurons. Consequently, LTP is short-lived. Alternatively, longer-lasting excess Ca 2þ influx may induce cell death, leading to metamorphosis.
www.advancedsciencenews.com www.bioessays-journal.com involves long-term potentiation (LTP) and long-term depression, leading to destabilization of existing neuronal networks and thereby the construction of novel networks for learning and memory. [29] On the other hand, homeostatic synaptic plasticity increases or decreases synaptic strength to stabilize firing within a set range in excitatory and inhibitory neurons depending on changes in neuronal activity, such as those that occur during sensory deprivation and sleeping. [30] [31] [32] [33] [34] Regulation of postsynaptic GluAs is crucial for both types of synaptic plasticity. When LTP is induced, CP-GluAs are transiently inserted into the membrane and help to increase the amplitude and duration of the AMPA current in cooperation with newly inserted CIGluAs. [35, 36] Thereafter, CP-GluAs are substituted by CI-GluAs or are endocytosed to avoid cell damage caused by long-lasting excessive Ca 2þ influx and Glu release due to overexcitability. The lack of a homeostatic feedback loop upon conditional knockout of GluA2, which leads to loss of CI-GluAs, causes synaptic strength to be continually increased via LTP. [37] By contrast, physiological and pharmacological decreases in synaptic activity induce insertion of CP-GluAs into the synaptic membrane. [38] [39] [40] [41] [42] [43] For example, blockade of neuronal activity using tetrodotoxin alone or together with AP-5 induces membrane insertion of CPGluAs. [44, 45] Furthermore, the presence of CI-GluAs in vertebrates means that neural signals can be transmitted without the risk of cell damage by using only Na þ for neuronal depolarization. This mechanism allows animals to make decisions and move immediately. Ca 2þ influx through CP-GluAs can induce actin depolymerization and change the relationship between neurons, which interferes with rapid transmission of electrical signals. [46] Why do invertebrate chordates lack R-type GluA subunits ( Figure 2B )? We make two speculations. First, GluAs containing both R-and Q-type subunits may not function as channels in invertebrate chordates. We investigated the channel properties of heteromeric Ciona GluAs (ciGluAs) comprising both Q-and Rtype subunits (ci-Q/Rs) using an artificially created R-type subunit. Hollmann et al. [22] demonstrated that current influx through homomultimers (comprising only Q-type subunits) and heteromultimers (comprising Q-and R-type subunits) is similar in mammals. However, current influx through ci-Q/Rs is extremely low ( Figure 1B , Case 02). [7] This supports the idea that Ciona expressing ci-Q/Rs develop abnormally, similar to Ciona in which GluAs have been knocked down. Second, ADAR2 may not recognize the editing site of GluAs in lower organisms. This enzyme edits duplex RNA formed by a sequence including the Q/R editing site and a complementary downstream sequence ( Figure 2C ). [47, 48] Brusa et al. [27] showed that approximately 25% of mRNA is not edited at the Q/R site in mice lacking this complementary sequence, leading to seizures and premature death, which are also observed in GluA2-knockout mice. Ciona possesses homologs of mammalian ADAR2 proteins based on sequence comparisons; however, their enzymatic activities have not been investigated. We propose that the exon and intron sequences of GluA subunits changed during evolution, leading to the recognition of Q-type subunits by ADAR2 and thus the formation of CI-GluAs, which contain both Q-and R-type subunits. We hypothesize that such Q/R editing may be unnecessary in ascidians because long-lasting excessive Ca 2þ influx and Glu release are required for metamorphosis in these organisms ( Figure 3 ). On the other hand, adaptable expression of CP-and CI-GluAs may have aided the acquisition of higher brain function in vertebrates.
GluAs May Have Originally Functioned in Non-Synaptic Signaling
Synaptically released Glu has been studied in great detail. [3] Glu has also been suggested to function as a modulator in nonsynaptic regions. [49] This indicates that there are two extracellular pools of Glu in the brain: a synaptic pool whose functions in excitatory neurotransmission have been widely studied, and a non-synaptic pool whose functions are less clear. [49] Rodriguez et al. [49] speculated that Glu in the brain is important for the immune response, cerebral blood flow, and neuronal synchronization under different physiological and pathological conditions. Using a combination of electrophysiology and twophoton Ca 2þ imaging, Chiu and Jahr [50] sensed Glu via NMDARs and demonstrated that the non-synaptic and synaptic extracellular concentrations of Glu are both at the nanomolar level. Based on this result, we speculate that GluAs function in non-synaptic regions in the same manner as in synaptic regions in the adult brain. Indeed, Ca 2þ influx occurs via CP-GluAs in non-synaptic regions of mammalian brains. Although non-synaptic Glu may elicit toxic effects, [51, 52] it may also play important roles in nutrient delivery, cell differentiation, and cell migration. For instance, CP-GluAs enhance the migration of glioma cells via mediating Ca 2þ influx [53] and are indispensable for the proper structure of Bergmann glia and the functional relationships between these cells and glutamatergic synapses. [54] In addition, a molecular phylogenetic study revealed that a primitive signaling mechanism involving GluRs existed before plants and animals diverged. [55] GluAs do not have synaptic functions in plants. Rather, plants display a primitive signaling mechanism involving GluAs that predates their divergence from animals. Based on these findings, we speculate that GluAs originally functioned in non-synaptic signaling ( Figure 4) .
Our study revealed that knockdown of GluRs using a morpholino strategy impairs formation of a photoreceptive arrestin-positive organ. [7] Arrestin (ANISEED unique gene ID: Cirobu.g00000142) is not detected in the most severe cases, providing the first evidence that Glu signaling is essential for organogenesis in vivo. GluAs start to be expressed at the neurula stage in ascidians. [7] Glu aspartate transporter (GLAST; ANISEED unique gene ID: Cirobu.g00004640) is expressed from the neurula stage in Ciona, while vesicular Glu transporter (vGlut, ANISEED unique gene ID: Cirobu.g00005496) is not expressed at this stage, as demonstrated by our previously published PCR data [7] and EST counts based on ascidian transcriptome data (ANISEED; www.aniseed.cnrs.fr). However, the spatial expression pattern of GLAST needs to be analyzed. GLAST transports extracellular Glu into the cell and can also export intracellular Glu in some situations. [56] During synaptic transmission, vGlut is required for release of Glu from preterminal axons. Consequently, glutaminergic synapses are not formed at the neurula stage, which led us to hypothesize that Glu signaling occurs in the absence of synapses during early development. EST counts indicate that arrestin is also expressed at the neurula stage, [57] suggesting that non-synaptic Glu signaling is involved in development of the photoreceptive arrestin-positive organ.
Glu depolarizes neuronal progenitor cells in the ventricular zone of the rat embryonic neocortex via GluAs and KARs, but not via NMDARs, increases the intracellular Ca 2þ concentration, and reduces DNA synthesis and proliferation. [58] Treatment with a GluA/KAR antagonist increases DNA synthesis. [58] Glu likely induces cells to stop proliferating and start differentiating, indicating that endogenous Glu influences the cell cycle in neuroprogenitor cells. We speculate that Ca 2þ imported via ciGluAs acts as a second messenger for cell differentiation.
Taken together, vGlut is not detected at the neurula stage in ascidians; therefore, Glu may originate from GLAST-containing cells, rather than from Glu-containing vesicles or the presynaptic terminal. We propose that GluAs aid the influx of Ca 2þ as a second messenger for differentiation of a photoreceptive organ in a non-synaptic manner during early development (Figure 4) .
In summary, we make several hypotheses regarding the role of GluAs in development of the photoreceptive organ of Ciona. GluAs are likely expressed from the neurula stage to induce Ca 2þ uptake, which triggers cell differentiation rather than proliferation. Ca 2þ may function as a second messenger for formation of the photoreceptive organ in a non-synaptic manner during early development (Figure 4) . At the later tailbud stage, GluAs may function in synaptic transmission from photoreceptor cells to interneurons and finally motor ganglia (Figures 4 and 6) . We further discuss our hypotheses regarding the developmental role of ascidian ciGluA-positive cells in section 3.
Evolutionary Context of the Restricted Expression of GluAs in Ciona Embryos
GluAs are only expressed in a small population of neurons in Ciona embryos [7] but are expressed in most neurons of the CNS in rodents. [59] In the rodent brain, GluAs containing GluA2 are calcium-impermeable, while those lacking GluA2 are calciumpermeable. Given that most neurons in the rodent CNS contain GluA2, they harbor CI-GluAs but not CP-GluAs, indicating that excessive Ca 2þ influx is suppressed during neural transmission. www.advancedsciencenews.com www.bioessays-journal.com Some GABA neurons lack GluA2 and express CP-GluAs, indicating that Glu induces excessive Ca 2þ influx in these neurons. We previously reported that most GABA neurons lacking GluA2 contain Ca 2þ -binding proteins, such as parvalbumin. [60, 61] Therefore, we speculate that excessive Ca 2þ influx is toxic and that Ca 2þ -binding proteins buffer the increase in the Ca 2þ concentration caused by CP-GluAs and thus prevent cell death. GluA2 expression is reduced in motor neurons of ALS patients, and CP-GluAs are speculated to impair motor neuron function by mediating excessive Ca 2þ influx. [51] Neurons containing parvalbumin survive until the final stage of ALS, [62, 63] which supports the notion that Ca 2þ -binding proteins help to protect motor neurons expressing CP-GluAs. All GluAs are Ca 2þ -permeable in Ciona and may cause toxicity by mediating excessive Ca 2þ influx. This may explain why mRNA expression of ciGluAs is restricted to a small population of neurons in the CNS of Ciona larvae. Preliminary data from Ciona embryos demonstrate that GFP expression driven by the ciGluA promoter is observed in most neurons in the CNS when intrinsic GluA expression is reduced by knockdown (data not shown). These results led us to hypothesize that excessive Ca 2þ influx via ciGluAs suppresses transcription of GluAs during development, which may also explain why only a small number of neurons contain GluAs in the CNS of Ciona. This hypothesis could be tested by analyzing whether Ca 2þ influx via GluAs reduces GluA promoter activity. Furthermore, we propose that GluAs began to be expressed in most neurons of the CNS after CI-GluAs evolved. To test this, we plan to detect endogenous transcription of ciGluAs in embryos in which the function of these receptors has been perturbed via conditional expression of exogenous R-type ciGluA subunits.
Developmental Roles of GluA-Positive Cells in Ciona
We previously revealed that GluAs play roles in sensory organ development and metamorphosis in Ciona. [7] Specifically, GluAs are important for development of the photoreceptor organ, suggesting that they have a non-synaptic role as discussed above (section 1.2), and tail absorption during metamorphosis. We will further describe the mechanisms via which we hypothesize GluA-positive cells perform these functions.
We propose that knockdown of vGlut or temporal treatment with a GluA antagonist can help to distinguish between an early non-synaptic role of GluAs in photoreceptor cell differentiation and a later synaptic role of GluApositive neurons in inducing/maintaining the differentiation/maturation of photoreceptor cells. If Ciona arrestin (ciarr)-positive photoreceptor cells differentiate upon depletion of vGlut, this will demonstrate that the synaptic role of GluApositive neurons is not necessary for such differentiation. Alternatively, halorhodopsin from Natronomonas pharaonis (NpHR), which has been used to achieve temporal inhibition of action potentials in neurons via an optogenetics approach, [64] could be employed. Specific and temporal inhibition of Ca 2þ influx into GluA-positive neurons via application of GluA::NpHR will demonstrate the early nonsynaptic role of GluAs.
From the tailbud stage, it is likely that mature photoreceptor cells accumulate Glu-containing vesicles due to the action of vGlut and that light stimulation induces vesicular release of Glu, which binds to GluAs in neighboring cells, that is, Glu functions as a neurotransmitter in excitatory signaling from photoreceptive cells to interneurons (Figure 4) . However, this hypothesis needs to be confirmed by several experiments.
Expression of ciGluAs is restricted to a small subset (10) of neurons in the CNS of Ciona. In particular, ciGluAs are expressed in neurons located behind the ocellus, which partially overlap with arrestin-positive photoreceptor cells, and also in neurons located a long distance from pigmented photoreceptor cells (Figures 1 and 4) . A few of these neurons extend axons posteriorly, possibly toward motor ganglia. ciGluAs are also expressed in ci-arr-negative neurons located below the pigment cells, which appear to be cells derived from A9.16 cells called group III photoreceptor (Figure 1) . [65] At the mid-tailbud stage, ci-vGlut expression is restricted to cells in brain vesicles and is particularly marked in a cell population in posterior brain vesicles [66] . By contrast, there is a much smaller population of GluA-positive cells in these vesicles. It is unclear whether these GluA-positive cells are also vGlutpositive. To distinguish between synaptic and non-synaptic Glu signaling, it would be helpful to examine the relationship between pre-and postsynaptic activities using double-transgenic animals, such as those expressing vGlut::RGECO and the glutamate indicator GluA::iGluSnFR. [67] This will help to elucidate whether these neurons partially overlap or interact with one another.
Ascidian Sensory Organ Maturation Requires GluAs
Ascidian tadpole-like larvae have a gravity-sensing organ termed an otolith and a simple photosensory organ termed an ocellus, [68, 69] both of which contain a large amount of pigment. These pigment cells originated from the same cell lineage (a9.49) in Ciona. The a9.49 cell divides along the anteriorposterior axis during the neurula stage. The localizations of the otolith and ocellus pigments are bilaterally symmetrical at the early tailbud stage. [70] Consequently, the FGF-ERK-ETS cascade induces expression of Tcf, a DNA-binding factor that mediates canonical Wnt signaling, in precursors of pigment cells, which subsequently randomly intercalate at the midline, with one cell localized posteriorly and another anteriorly. [71] Recent evidence suggests that Wnt signaling determines this final fate choice. [72] On the other hand, knockdown of ciGluAs disrupts light-dark sensitivity and thus affects swimming behaviors. Although pigmentation of the ocellus is not perturbed upon ciGluA knockdown, [7] otolith and ocellus pigment cells are located close to each other and are difficult to distinguish anatomically, demonstrating that random intercalation of pigment cells at the midline is disrupted. Therefore, ciGluA-driven Ca 2þ activity might be involved in the random intercalation of pigment cells after determination of their fate by Wnt signaling.
The ocellus contains several ciliary photoreceptors surrounded by pigment. A recent study [65] revealed that photoreceptor cells originate from A9.14 cells (groups I and II). A subpopulation of GluA-positive neurons is located close to or partially overlaps with arrestin-positive photoreceptor cells. Normally, ci-arr is weakly expressed in photoreceptor precursors originating from A9.14 cells [70] from the early tailbud stage, and opsin localizes to the outer segment. [73] In another study, we found that knockdown of ciGluAs not only results in loss of ciarr, but also perturbation of the structure of the outer segment in ocellus photoreceptor cells (Figures 1 and 5) , in which opsin generally accumulates. [74] ci-Arr expression and the outer segment are the main features of the ocellus; therefore, these data indicate that ciGluAs directly or indirectly control maturation of this organ. ciGluAs are expressed at the neurula stage, while synapses only form at the tailbud stage. ciGluApositive cells might function prior to the early tailbud stage and induce expression of ci-arr and opsin during early development in the absence of synapses. We showed that expression of ciGluAs harboring a point mutation greatly inhibits depolarization and Ca 2þ influx. We hypothesize that maturation of photoreceptor cells requires the channel properties of ciGluAs. Indeed, Ca 2þ transients have been observed in the vicinity of the ocellus during the tailbud stage. [75] Several experiments could be performed to investigate whether Ca 2þ influx is required for proper photoreceptor cell differentiation. First, it could be investigated whether Ca 2þ transients are decreased in embryos injected with R-type ciGluAs. Second, photoreceptor cell differentiation during early development could be examined upon application of NpHR [76] to inhibit Ca 2þ influx.
Evolutionarily Conserved Roles of GluA-Positive Cells
Vertebrate rx, otx, and opsin are early markers of the developing retina and pineal gland, [77] [78] [79] [80] and homologs of these proteins are expressed in the ocellus of ascidians. [81] Phylogenetic analysis revealed that ascidian opsin is closely related to non-visual opsins in vertebrates. [82, 83] Beta-arrestin appears to inactivate the pineal non-bleaching opsin, parapinopsin, by mediating its internalization (as is also the case for other members of the betaarrestin subfamily). Interestingly, ci-arr contains a clathrinbinding domain, which is a characteristic of beta-arrestins and is not found in visual arrestins in vertebrates. [74, 84] Thus, ci-arr has similar features as beta-arrestins in the pineal gland. Although it has alternatively been reported that a9.49 pigment cells in the ocellus are similar to vertebrate neural crest cells [72] and the evolutionary origin of the ocellus in ascidians is still being discussed, we believe that it is the ancestral organ of pineal photoreceptor cells. [7] Mg 2þ imaging using MARIO [85] may help to elucidate the functional homology of the ocellus in Ciona with the pineal gland in vertebrates because levels of cations (such as Ca 2þ and Mg 2þ ) exhibit a diurnal rhythm (circadian rhythm) in the vertebrate pineal gland. [86, 87] In vertebrates, a similar deficiency of photoreceptor cells is observed upon knockdown of otx and crx. Otx2/CRX deficiency induces conversion of differentiating photoreceptor cells into amacrine-like neurons and loss of the outer segment and axons. Otx2 deficiency also leads to a total lack of pinealocytes in the pineal gland. [88] Ascidian Rx is essential for induction of opsin and arrestin expression, which is required for differentiation of the ocellus. [89] The A9.14 cell lineage must be traced to investigate whether Ciona photoreceptor cells are converted into other cell lineages (for example, amacrine cell-like or retinal ganglion cell-like interneurons or progenitor cells) when ciGluAs are deficient. Progenitors of photoreceptor cells (groups I and II) are derived from the right A9.14 cell of the row II neural plate. [65] The right A9.14 cell might differentiate into an unknown cell type in ciGluA-deficient embryos, similar to the left A9.14 cell in wild-type embryos. Tracing the lineage of the right A9.14 cell may shed light on the evolution and development of photoreceptive organs in chordates.
Neuronal networks are well-conserved between ascidians and vertebrates in some respects. [90] For example, reticulospinal neurons underlie the startle responses of fish, and ascidians have a similar neuronal network. Therefore, the pathway via which progenitor cells develop into photoreceptor cells in vertebrates might be conserved in ascidians. Consequently, we propose that the primitive role of GluAs was to promote terminal differentiation of progenitor cells into photoreceptor cells.
Vertebrate amacrine cells are generally inhibitory neurons and receive an input from photoreceptor cells via Glu. In the pineal gland of lower vertebrates, pineal interneurons receive an input from pineal photoreceptive cells and are analogous with retinal ganglion cells because they emit axons that innervate the central area of the brain. [91] These features might also be conserved in a subpopulation of ciGluA-positive neurons.
Role of ciGluA-Positive Non-Photoreceptor Cells in Tail Absorption During Metamorphosis
In addition to the aforementioned role of ciGluA-positive cells in differentiation of the ocellus, we hypothesize that these cells also function in metamorphosis. Knockdown of ciGluAs inhibits tail Figure 5 . Phenotype of ciGluA-knockdown embryos at various developmental stages. ciGluA was knocked down in embryos by injecting an antisense morpholino oligo. Anatomical structures were observed by staining for cortical F-actin. Two areas of black pigmentation, which correspond to the otolith (OT) and ocellus (OC), were observed in the larval trunk region of both wild-type (WT) and ciGluA-knockdown embryos. The outer segment (OS) was observed in WT embryos (A-A 00 ) but not in ciGluA-knockdown embryos (B-B 00 ). The distance between the two areas of pigmentation was smaller in ciGluA-knockdown embryos than in WT embryos. hpf: hours post-fertilization.
www.advancedsciencenews.com www.bioessays-journal.com absorption, indicating that at least a subpopulation of ciGluApositive neurons plays a role in this process. Investigation of the connective network in which GluA-positive neurons function will help to elucidate the mechanism underlying metamorphosis. We considered a hypothetical neuronal network controlling tail absorption during metamorphosis based on several hypotheses ( Figure 6 ). Metamorphosis is triggered by stimulation of adhesive papillae. [92] [93] [94] Papillae contain antenna neurons. Therefore, our first hypothesis is that the neuronal pathway controlling metamorphosis is triggered by antenna neurons. Indeed, metamorphosis cannot be initiated in the absence of antenna. [92] Stimulation of adhesive papillae triggers absorption of the tail from its tip. [92] A connective network may exist from antenna neurons to posterior tail neurons that conveys information to this spatially distant site. Our second hypothesis is that this network comprises ciGluA-positive neurons.
Some ciGluA-positive neurons extend axons toward motor ganglia. [7] There are fewer than 30 motor ganglia neurons in Ciona, [95] and ciGluA-positive neurons may project toward these cells. The central pattern generator (CPG) is located in motor ganglia [96] ; therefore, ciGluA-positive neurons might regulate the CPG activities that control larval tail locomotion. Ascidian larvae have a single CPG comprising a small number of neurons that seems to generate tail oscillations. According to time-lapse movies, beating of the tail decreases prior to its absorption (Hotta et al., in preparation). Our third hypothesis is that cessation of CPG activity triggers apoptosis ( Figure 6 ) followed by tail regression. [97] Ryan et al. [95] recently revealed the connectome of Ciona intestinalis tadpole larvae. The CNS of Ciona contains 330 cells, including 177 neurons and other glial cells. These cells form 6618 synapses, including 1772 neuromuscular junctions. Although we investigated Ciona robusta, its neuronal network is likely comparable with that of C. intestinalis. [98] We noticed that ciGluA-positive neurons extending axons toward motor ganglia have a similar anatomical structure as antenna relay neurons with a single axon, called antRN 135, in C. intestinalis. [94] GluA-positive neurons have a characteristic soma and dendrites. Surprisingly, these morphological features are shared with antRN 135. According to the aforementioned connectome study, antRN 135 receive inputs from antenna neurons as postsynaptic neurons and demonstrate strong connectivity with some motor neurons. [95] We hypothesize that GluA activity relays an inhibitory signal to the CPG. Oscillatory activity of the CPG, which is reported to begin at the neurula stage, [75] might inhibit apoptosis until tail absorption. The ciGluA-positive neuron that projects its axon to motor ganglia might directly or indirectly relay an inhibitory signal to the CPG, leading to cessation of tail locomotion and promotion of apoptosis followed by tail absorption during metamorphosis. Isolated beating tails are rarely observed during normal metamorphosis. However, in support of our hypothesis, the tail is spontaneously removed from the settled trunk of some GluA morphants (electroporated with Ca 2þ -impermeable R-type ciGluAs) and continues to beat for a long duration, suggesting that apoptosis does not occur ( Figure 6 ; Movie S1, Supporting Information). Figure 6 . Hypothetical neuronal network controlling tail absorption during Ciona metamorphosis. (Swimming Larva) prior to metamorphosis, larvae swim with a beating tail. This locomotion is regulated by motor ganglia (MG) containing a central pattern generator (CPG). Continuous CPG activity is considered to be not only necessary for oscillatory locomotion but also for preventing tail absorption. GluA-positive neurons do not receive adhesion stimulation from antenna neurons in swimming larvae. (Metamorphosis) When larvae settle, antenna neurons are stimulated by adhesive papillae and relay signals to GluA-positive neurons (possibly antenna relay neurons). Thereafter, GluA-positive neurons send inhibitory signals to MG, which reduces locomotion activity and triggers tail absorption, leading to apoptosis. This neuronal network can explain why the stimulation of adhesive papilla and tail absorption occur at opposite sides of larvae at the beginning of metamorphosis. (ciGluA knockdown) when ciGluA is knocked down, the signal from antenna neurons is no longer propagated posteriorly. In addition, MG do not receive inhibitory signals from ciGluA-positive neurons and the CPG remains active. Consequently, the tail is not absorbed and becomes an "immortal tail" (Movie S1, Supporting Information).
In summary, we discussed two roles of ciGluA-positive cells. First, we described the role of these cells in formation of a photoreceptive organ and provided evolutionary insight into their primitive role in the generation of photoreceptive cells, which convert light into signals that can stimulate biological processes. [7] Second, we detailed the role of these neurons in tail absorption during metamorphosis and proposed a possible neuronal network.
During the swimming period, larvae prepare for the onset of metamorphosis and alter their light response. Ciona larvae exhibit positive phototactic behavior soon after hatching from the chorion. [99] However, immediately before settlement, they avoid light and prefer to settle on dark or shaded surfaces. Impaired formation of the photoreceptive organ upon ciGluA inhibition alters the photoresponse of larvae. When pigment cells of the ocellus are ablated in larvae, the photoresponse does not occur but animals metamorphose as normal.
[100] Therefore, we believe that the roles of GluAs in photoreceptor cell formation and metamorphosis are independent of one another. To investigate this, photoreceptor cell function could be disrupted without affecting GluA-positive cells in posterior sensory vesicles by depleting ci-arr or Ciona opsin using morpholinos.
Conclusions
In this review, we discussed several hypotheses concerning the developmental roles and evolution of GluRs. First, we hypothesize that CI-GluAs may have been important for the evolution of higher brain function. CP-GluAs are essential for organogenesis during development, while both CP-GluAs and CI-GluAs are required for synaptic regulation observed in the mammalian brain. CP-GluAs may have originally functioned in organogenesis in a non-synaptic manner, probably via mediating influx of the second messenger Ca 2þ , and CI-GluAs likely evolved via two rounds of the genome duplication during the evolution of higher brain functions for learning and memory. CP-GluAs are expressed in a limited subset of cells in Ciona embryos. Second, we hypothesize that excessive Ca 2þ influx suppresses transcription of genes encoding CP-GluAs in the CNS of Ciona and that Ca 2þ -binding proteins buffer the increase in Ca 2þ in the mammalian CNS and thereby prevent toxicity. Third, we hypothesized the evolutionary homology of Ciona photoreceptive organ with vertebrate pineal gland. Finally, we formed a hypothesis concerning the origin of GluA-positive cells and a possible neuronal network that controls metamorphosis in ascidian embryos. We presented an overview of GluAs in an evolutionary context and discussed their contribution to evolutionary changes in brain function. 
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